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Abstract

Meeting the world’s growing energy demands while protecting our fragile environment is a challenging
issue. Second generation biofuels are liquid fuels like long-chain alcohol produced from lignocellulosic
biomass. To reduce the cost of biofuel production, we engineered fungal family 6 cellobiohydrolases
(Cel6A) for enhanced thermostability using random mutagenesis and recombination of beneficial mu-
tations. During long-time hydrolysis, engineered thermostable cellulases hydrolyze more sugars than
wild-type Cel6A as single enzymes and binary mixtures at their respective optimum temperatures.
Engineered thermostable cellulases exhibit synergy in binary mixtures similar to wild-type cellu-
lases, demonstrating the utility of engineering individual cellulases to produce novel thermostable
mixtures. Crystal structures of the engineered thermostable cellulases indicate that the stabiliza-
tion comes from improved hydrophobic interactions and restricted loop conformations by proline
substitutions. At high temperature, free cysteines contribute to irreversible thermal inactivation in
engineered thermostable Cel6A and wild-type Cel6A. The mechanism of thermal inactivation in this
cellulase family is consistent with disulfide bond degradation and thiol-disulfide exchange. Enhanc-
ing the thermostability of Cel6A also increases tolerance to pretreatment chemicals, demonstrated
by the strong correlation between thermostability and tolerance to 1-ethyl-3-methylimidazolium ac-
etate. Several semi-rational protein engineering approaches — on the basis of consensus sequence
analysis, proline stabilization, FoldX energy calculation, and high B-factors — were evaluated to

further enhance the thermostability of Cel6A.
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Chapter 1

Introduction

1.1 Background

Meeting the world’s growing energy demands while protecting our fragile environment is a chal-
lenging issue. The total energy consumption in the US was >87 quadrillion BTU in 2012'; 82% of
the consumed energy was from fossil fuels like petroleum, coal, and natural gas, and only 9% was
from renewable sources like solar, wind, hydroelectric power, and biomass (Figure 1.1) [1]. Despite
concerns that the emission of carbon dioxide and other pollutants from fossil fuel combustion con-
tributes to global warming, the future of alternative energy is unclear [2]. Energy policies and events
like the 2011 Fukushima nuclear meltdown or the discovery of shale oil on US soil can quickly change
the energy landscape and the public opinion on alternative energy [3]. Nonetheless, long-term use of
fossil fuels is not sustainable, and developing near-term renewable energy like biofuels is important
for transitioning into long-term renewable energy like solar fuels, whose feasibility depends on major
technology breakthrough [4, 5].

One of near-term renewable energy options is biofuel. Second generation biofuels are liquid
fuels like long-chain alcohols produced from plant biomass. One of the key biopolymers for biofuel
production is cellulose [6]. Along with lignin and hemicellulose, cellulose is the main structural
component of most plant cell walls, making it the most abundant biopolymer in the world. Cellulose
is a polysaccharide composed of glucosyl units linked by $-1,4 glycosidic bonds. The chain ends

can be characterized as the reducing end by the potential aldehyde group on the C1 atom or the

1Energy consumption data was collected from January to November of 2012.
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Figure 1.1: Total US energy consumption from January to November 2012 displayed by the energy
source in percentage. The pie graph was generated using data from the Monthly Energy Review
published by the US Energy Information Administration [1].

non-reducing end by the terminal hydroxyl group. The -1,4 linkage ensures that the subunits rotate
180° every two glucose subunits, resulting in straight chains that can be bundled together tightly
[7]. X-ray diffraction and nuclear magnetic resonance studies have shown that cellulose chains form
intramolecular and intermolecular hydrogen bonds between the hydroxyl groups and the oxygen in
the pyranose ring. This extensive hydrogen bond network produces highly crystalline elementary
fibrils with strong tensile strength and low accessibility [8, 9]. In the absence of cellulases, cellulose
is a highly recalcitrant material, with a half-life of over four million years at 25°C [10].

To utilize biomass for the production of fuels and higher-value chemicals, cellulose needs to be
hydrolyzed into glucose for microbial fermentation. Concentrated hydrochloric and sulfuric acids (40
—90%) have been used to hydrolyze cellulose and hemicellulose from plant matter into monomeric
sugars. However, the high cost of the acids and the difficulty in acid recovery make the approach
economically unattractive [11]. Fungal cellulases are an alternative solution for hydrolysis and
have been used in industrial applications from cotton softening to pulp refining. For conversion of
lignocellulosic biomass to fermentable sugar, physical and chemical pretreatments need to be applied
prior to enzymatic degradation. Different pretreatment methods, structure-function relationship of

fungal cellulases, as well as engineering challenges are reviewed below.
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1.2 Pretreatments of lignocellulose

1.2.1 Physical pretreatments

To increase the accessibility of lignocellulose for subsequent enzymatic degradation, different physical
and chemical processes have been applied to pretreat the substrate. Physical pretreatments involve
different methods to reduce the particle size of the plant substrate, including chipping, milling,
and grinding [12, 11]. The reduced particle size allows the subsequent chemical pretreatments to
proceed more efficiently due to an increased surface area to mass ratio [13]. However, the energy
consumption of milling varies greatly depending on the milling condition and can take up to 40% of
the energy from the ethanol produced. To reduce the energy consumption, it might be preferable
to integrate milling and chemical pretreatment into a multi-step process, i.e. subject wood chips to

steam explosion before they are subjected to additional size reduction process [14].

1.2.2 Chemical pretreatments

Chemical pretreatments can be roughly divided into four categories: acid pretreatment, base pre-
treatment, steam explosion, and organic solvent fractionation. Acid pretreatments involve incubating
lignocellulosic substrates with dilute (0.5 — 2%) sulfuric acids at 140 — 220°C [15]. Depending on the
pretreatment temperature and sulfuric acid concentration, up to 90% of xylose can be released dur-
ing pretreatment, leaving cellulose-rich solids after washing and detoxification [16]. But degradation
products like furfurals or 5-hydroxymethylfurfural are often produced during acid preatreatments
and can prohibit subsequent microbial fermentations [11]. Base pretreatments involve treating the
substrate with ammonia, calcium oxide, or other base as catalysts [17]. These base catalysts increase
substrate accessibility by removing acetyl groups from hemicellulose and lignin [13].

Steam explosion involves incubating the substrate at high temperature (up to 260°C) and high
pressure for a few seconds before rapidly dropping the pressure and allowing the wood fiber to
expand [11]. For ammonia fiber expansion/explosion (AFEX), the substrate is pre-wetted with dry

ammonia and incubated at 130°C and 650 psi for up to an hour before the pressure is purged. The
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advantage of AFEX is that ammonia is relatively easy to separate from the substrate compared to
other pretreatment chemicals. However, hemicellulases are required in addition to cellulases for the
hydrolysis of AFEX-pretreated substrate since AFEX does not solubilize hemicellulose [13].
Organic solvent pretreatments include methods that utilize organosolv and ionic liquids. For
organosolv process, mixtures of solvents (e.g. ethanol) and acids (e.g. sulfuric acids) are incubated
with the substrate at 100 — 250°C to solubilize hemicellulose and separate lignin from cellulose
[11]. Tonic pretreatment involves solubilizing cellulose and lignin with low melting point salts and
is discussed in detail in Chapter 4. Regardless of the chemical pretreatment methods, operating
reactors and handling hazardous chemicals at high temperature and/or pressures are typically re-
quired. Detailed economic analysis and Green Chemistry assessments are necessary to identify the

pretreatments most suitable for commercialization [18].

1.3 Fungal cellulases

1.3.1 Cellulases secreted by Hypocrea jecorina

Despite the recalcitrance of cellulose, Nature has provided several enzyme solutions to hydrolyzing
cellulose into monomeric sugars that are utilized by microorganisms as a source of carbon and energy.
The mesophilic fungus Hypocrea jecorina (anamorph Trichoderma reesei) secretes an array of cellu-
lases that work synergistically to degrade cellulose to smaller oligomers and eventually to glucose.
Cellulases secreted by H. jecorina include at least five endoglucanases (EGI-V), two cellobiohydro-
lases (CBHI belonging to glycoside hydrolase family 7 and CBHII belonging to glycoside hydrolase
family 6), two 8-glucosidases, and numerous hemicellulases. In particular, endoglucanases randomly
attack (-1,4 glycosidic bonds in the amorphous regions of the cellulose and increase the available
chain ends for cellobiohydrolases. Cellobiohydrolases incrementally shorten the chain length and
include enzymes that act on the reducing ends (CBHI or Cel7A) and the non-reducing ends (CBHII
or Cel6A) of cellulose. S-glucosidases hydrolyze soluble oligomers into glucose and reduce product

inhibition for endoglucanases and cellobiohydrolases [19, 9].



Side view Top view

Figure 1.2: NMR structure of family 1 cellulose binding module from H. jecorina (PDB 1CBH, [23]).
The disulfide bridges are shown in yellow, and the conserved residues are shown in sticks.

Cellobiohydrolases Cel7A, Cel6A, and endoglucanase Cel5A (EGII) comprise 60 + 5%, 20 + 6%,
and 12 £+ 3% of total protein secreted by H. jecorina [7]. All three cellulases share the same feature
of a cellulose-binding domain and a catalytic domain connected by a highly O-glycosylated peptide
linker [9]. Both the Cel6A and Cel7A catalytic domains feature tunnel-shaped structures formed by
loops that are stabilized by disulfide bridges. In the Cel7A catalytic domain, two large antiparallel,
concaved 3 sheets form a 3 sandwich and together with long loops stabilized by nine disulfide bonds
form a ~40 A tunnel [20]. In the Cel6A catalytic domain, two extensive loops stabilized by two
disulfide bonds and an a/B-barrel structure form a ~20 A tunnel [21]. Cellobiose is the primary
product of cellulose hydrolysis by cellobiohydrolase Cel6A and Cel7A. However, it is worth noting
that the division of endo- and exo-acting cellulases is not absolute. Cel6A from Humicola insolens

has been reported to exhibit some endoglucanase activity, as have other cellobiohydrolases [22].

1.3.2 Cellulose binding module

The cellulose binding modules (CBM) from H. jecorina Cel6A and from most fungal cellulases belong
to family 1 CBM that bind specifically to crystalline cellulose [24, 25]. CBM1 contains roughly 36
residues and two to three disulfide bonds [26]. Previous studies on substrate binding and processivity
suggest that the flat binding face of CBM1 is composed of Y5/W5, Q7, N29, Y31/W31, and Y32

(Figure 1.2), and these residues are highly conserved among CBM1 [24]. CBM1 preferentially binds



Figure 1.3: Structure alignments of Cel6A cellobiohydrolases from Humicola insolens. A) Compar-
ison between Cel6A cellobiohydrolase (blue, PDB 10CN chain A, [30]) and Cel6B endoglucanase
(grey, PDB 1DYS chain A, [31]). Arrows indicate loop bending and truncation between a cellobio-
hydrolase and an endoglucanase. B) Comparison between Cel6A with substrate bound (blue, PDB
2BVW chain A, [32]) and without (grey, PDB 1BVW, [33]). Arrows indicate movements of the
active site-forming loops between open and closed conformations.

to the hydrophobic surface over the hydrophilic surface of the cellulose microfibrils, and binding
is dominated by the hydrophobic interactions between the aromatic side chains and the pyranose
rings [26, 27]. However, since lignin is composed of phenolic compounds and consequently very
hydrophobic, CBM1 also binds to lignin non-specifically, which reduces the productivity of cellulases

28, 29].

1.3.3 Glycoside hydrolase family 6

Glycoside hydrolase family 6 (GH6 or Cel6) includes many fungal cellobiohydrolases and endoglu-
canases that are important in the enzymatic degradation of cellulose to fermentable sugars [34, 35].
Structures of nine Cel6 cellulases and their variants have been determined, and they share a dis-
torted (/)7 barrel fold with either a tunnel-shaped or cleft-shaped active site composed primarily
of surface loops (Figure 1.3A) [36, 31]. The different preferences in substrate sites between cellobio-
hydrolases and endoglucanases stem from the shape of the active site. The open cleft-shaped active
site allows endoglucanases to slide along the cellulose chain easily, while the closed tunnel-shaped
active site allows cellobiohydrolases to thread the cellulose chain through and incrementally cleave

glycosidic bonds. Interestingly, structure information of Cel6A cellobiohydrolases demonstrates that
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the active site loops exist in two conformations, open and closed, and move up to 4.5 A when a
substrate is bound (Figure 1.3B) [32]. The movement of the active site loops is likely the basis of

the endo activity, i.e. internal cleavage of cellulose, observed in Cel6A cellobiohydrolases [37].

1.4 Cellulase engineering

1.4.1 Challenges of engineering cellobiohydrolase activity

Cellulose hydrolysis is a complex reaction that occurs at the liquid-solid interface and does not obey
Michaelis-Menten kinetics. The nature of two-domain cellulases is such that substrate binding is not
always productive, and the cellobiohydrolase needs to diffuse along the substrate until it encounters a
suitable reaction site [38]. Furthermore, the reaction rate declines rapidly during hydrolysis, leading
to long hydrolysis times to achieve complete conversion or the need to increase enzyme loading to
compensate for the slower rate [39]. The decline in hydrolysis rate is attributed to obstacles that are
encountered on the substrate surface or other slow-moving cellulases, which bring the processivity
of cellobiohydrolases to a halt [39, 40]. As a result, the reaction is limited by dissociation of the
enzyme-substrate complex, where the cellobiohydrolase must unbind and locate a new substrate site
before hydrolysis can continue [38]. Due to its tunnel-shaped active site, the rate of dissociation for
cellobiohydrolases is low. Efforts to increase the intrinsic activity of cellobiohydrolase have made very
little progress, in part due to the many parameters — substrate binding, diffusivity, processivity,
and dissociation — that are carefully balanced in catalysis. In addition, cellulases are primary
metabolic enzymes that are crucial to the survival of cellulolytic organisms. The cellulase activity
is likely already optimized since the selection pressure for higher catalytic rates is high. Cellulolytic
fungi have been reported to live at temperatures up to ~55°C. While the optimum temperatures of
the secreted cellulases can be slightly higher than the optimum temperature for growth [41], it is
conceivable that thermostability has not reached its optimum peak as it has not been subjected to

stringent selection pressure.
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1.4.2 Advantages of thermostable cellulases

For cellulosic biomass to become a feasible feedstock for transportation fuels and chemicals, the cost
of production needs to be competitive with fossil fuel production. Thermostable cellulases are desir-
able candidates for reducing the biomass degradation costs for several reasons. First, thermostable
cellulases tend to be more stable during production, storage and over a wide range of operating
conditions. Since chemical pretreatments are necessary for increasing the substrate accessibility
to enzymatic degradation, thermostable cellulases are preferred as they are more resilient towards
relatively harsh industrial treatments and conditions. Thermostable cellulases also allow cellulose
hydrolysis to proceed at high temperature with concomitant increased cellulose degradation rate
and reduced microbial contamination [42, 43]. Lastly, the process costs are lower at high hydrolysis
temperature because less energy is required to bridge the reactor temperatures for pretreatment and
for hydrolysis. The viscosity of hydrolysis mixture is also reduced at high temperature, lowering the

energy consumption of mixing [44].

1.4.3 Previous work on Cel6A

Previously, Heinzelman et al. constructed a library of thermostable family 6 fungal cellobiohydrolases
using structure-guided recombination [45]. Cel6A from H. insolens, H. jecorina, and Chaetomium
thermophilum were divided into eight blocks and recombined. The block boundaries were identified
using RASPP algorithm (Recombination as Shortest Path Problem) [46], aiming to minimize the
number of disrupted side-chain contacts relative to the average number of mutations in the library.
Based on the half-life data of 23 chimeras (out of 6,558 possible chimeric sequences), linear regression
models were built to qualitatively evaluate the blocks’ contributions to thermostability. The models
classified the blocks as stabilizing, destabilizing, or neutral and identified B1P1 (block one from
parent one), B6P3, B7P3, and B8P2 as stabilizing. Chimera 12222332, referred to as HJPlus in this
thesis, was constructed by substituting the four stabilizing blocks into H. jecorina Cel6A. HJPlus
Cel6A has activity close to the wild-type H. jecorina Cel6A but is more thermostable than the most

stable parent, H. insolens. The high thermostability coupled with the high expression level (~10
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mg/L) in our heterologous expression host S. cerevisiae make HJPlus an excellent starting point for

directed evolution to further increase stability.

1.5 Thesis summary

Efforts to engineer thermostable Cel6A cellobiohydrolases are detailed in this thesis. In Chapter
2, HJPlus was evolved for higher thermostability with three rounds of directed evolution, and the
most thermostable variant was used to study the implication of utilizing thermostable cellulases
in cellulose hydrolysis. In Chapter 3, the mechanism of thermal inactivation for the engineered
thermostable Cel6A was studied by investigating the role of free cysteines in cellulase inactivation
at high temperatures. In Chapter 4, thermostability measurements and ionic liquid tolerance of the
Cel6A variants were examined in detail. In Chapter 5, a number of semi-rational protein designs

were surveyed to further enhance the thermostability of Cel6A.
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Chapter 2

Engineering Cellobiohydrolases for
Higher Thermostability

Material from this chapter appears in: Wu I, Arnold FH. (2013) “Engineered thermostable fun-
gal Cel6A and Cel7A cellobiohydrolases hydrolyze cellulose efficiently at elevated temperatures”,
Biotechnology and Bioengineering, DOI: 10.1002/bit.24864, and is reprinted with permission of Wi-

ley Periodicals, Inc.

2.1 Abstract

Thermostability is an important feature in industrial enzymes: it increases biocatalyst lifetime and
enables reactions at higher temperatures, where faster rates and other advantages ultimately reduce
the cost of biocatalysis. In this chapter, we report the thermostabilization of a chimeric fungal family
6 cellobiohydrolase (HJPlus) by directed evolution using random mutagenesis and recombination of
beneficial mutations. Thermostable variant 3C6P has a half-life of 280 minutes at 75°C and a
T of 80.1°C, a ~15°C increase over the thermostable Cel6A from H. insolens (HiCel6A) and a
~20 °C increase over that from H. jecorina (HjCel6A). Most of the mutations also stabilize the
less-stable HjCel6A, the wild-type Cel6A closest in sequence to 3C6P. During a 60-hour Avicel
hydrolysis, 3C6P released 2.4 times more cellobiose equivalents at its optimum temperature (Top;)
of 75°C than HiCel6A at its T, of 60°C. The total cellobiose equivalents released by HiCel6A at

60°C after 60 hours is equivalent to the total released by 3C6P at 75°C after ~6 hours, a 10-fold
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reduction in hydrolysis time. A binary mixture of thermostable Cel6A and Cel7A hydrolyzes Avicel
synergistically and released 1.8 times more cellobiose equivalents than the wild-type mixture, both
mixtures assessed at their respective T,,;. Crystal structures of HJPlus and 3C6P, determined at 1.5
A and 1.2 A resolution, indicate that the stabilization comes from improved hydrophobic interactions

and restricted loop conformations by introduced proline residues.

2.2 Introduction

High enzyme costs remain a major hurdle for the conversion of abundant and renewable cellulosic
feedstocks into fermentable sugars for microbial production of fuels and chemicals [47, 48, 49]. Strate-
gies to reduce enzyme-related costs include reducing the recalcitrance of plant substrate [50, 51],
improving pretreatment conditions [15, 52], and improving enzyme performance [53, 54]. One ap-
proach to improving enzyme performance is to enhance cellulase thermostability. Cellulosic biomass
hydrolysis with commercial fungal cellulase mixtures currently operates at ~50°C; increasing hy-
drolysis temperature could significantly improve process performance, provided the catalysts remain
active [55]. The multiple benefits of improving biocatalyst stability include extending the lifetime
during production, storage, and hydrolysis and conferring higher tolerance to pretreatment chem-
icals [56]. More importantly, cellulose degradation at higher temperatures increases degradation
rates and reduces microbial contamination [42, 43].

A fungal cellulase system for efficient cellulose degradation includes at least four glycoside hy-
drolases: a cellobiohydrolase to target the reducing ends of cellulose, a cellobiohydrolase to target
the non-reducing ends, an endoglucanase to reduce chain length and produce free chain ends, and
a [-glucosidase to convert soluble cellodextrin to glucose and relieve cellobiose inhibition for other
cellulases [19, 57]. Other lytic enzymes such as the combination of copper-dependent polysaccharide
monooxygenase and cellobiose dehydrogenase cleave crystalline cellulose through oxidative mecha-
nisms and work synergistically with cellulase-mediated hydrolysis [58, 59]. Accessory proteins such
as swollenins can also aid cellulose degradation by disrupting the structure of crystalline cellulose

[60).
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According to the CAZy (Carbohydrate-Active enZyme) database [61], the known fungal cellobio-
hydrolases that act on the non-reducing ends of cellulose are found exclusively in glycoside hydrolase
family 6. Despite the essential nature of Cel6A in the non-complexed fungal cellulase system, only
a few protein engineering studies have reported increases in the thermostability of fungal Cel6A
[45, 62, 63]. Lantz et al. (2010) at Genencor reported finding a thermostable Hypocrea jecorina
Cel6A variant with a ~7°C increase in melting temperature (T,,) compared to the wild-type Cel6A,
but the authors did not provide sequence information or describe its activity as a function of temper-
ature. In our previous work, we used crystal structure information to construct chimeric cellulases
by structure-guided SCHEMA recombination of Cel6A from Humicola insolens, H. jecorina, and
Chaetomium thermophilum [45]. A highly thermostable Cel6A chimera, HJPlus, was constructed
by incorporating three stabilizing blocks from H. insolens and C. thermophilum Cel6A into the
industrially-important H. jecorina Cel6A. HJPlus is more thermostable than all three of its parent
Cel6A enzymes and hydrolyzes more cellulose than the parents during long-time assays. In this chap-
ter, we chose this active, thermostable chimera HJPlus as the starting point for further stabilization
by directed evolution.

Wild-type cellobiohydrolases and endoglucanases from H. jecorina have been shown to hydrolyze
cellulose synergistically as mixtures, releasing more sugar than the sum of the sugar released by
the individual enzymes [64, 34]. Commercial mixture Celluclast™ derived from H. jecorina has
been supplemented with thermostable cellulases to improve cellulose hydrolysis, but the optimum
temperature of Celluclast™ mixture remains ~50°C [65, 66]. Celluclast™ has also been compared
against a mixture of cellulases from different thermophilic fungi, but the novel cellulase mixture
gave a similar hydrolysis yield at 60°C to Celluclast™ at 45°C [55]. To our knowledge, no study has
reported fungal cellulase mixtures that hydrolyze cellulose optimally at temperatures above 65°C.
Furthermore, no one has investigated whether engineered cellulases exhibit synergy during hydrolysis
at elevated temperatures.

In this chapter, we describe how the thermostability of a family 6 cellobiohydrolase was increased

without compromising catalytic activity. In an effort to understand the mechanisms by which the
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thermal stabilization was achieved, we solved the crystal structures of the chimera parent Cel6A and
the thermostable Cel6A variant. We also show that the thermostable Cel6A hydrolyzes crystalline
cellulose synergistically with a thermostable fungal Cel7A that functions optimally at 65°C [67]. A
mixture of the two thermostable enzymes is more active than the wild-type mixture and hydrolyzes

more crystalline cellulose during a long hydrolysis assay.

2.3 Methods

This section describes the medium-throughput screen, the cellulase assays, and the crystallization

methods used in this Chapter. For materials and general methods, please refer to Chapter 6.

2.3.1 Medium-throughput cellulase screen on Avicel
2.3.1.1 Library construction

The mutant libraries were constructed by error-prone PCR, using 100 ng of plasmid, 80 nmol of
dNTP, 20 pmol of forward primer, 20 pmol of reverse primer, 700 nmol of magnesium chloride, 5-20
nmol of manganese chloride, and 8 U of Taq polymerase in a 100 puL reaction. The PCR, program
used 30 seconds at 95°C for initial denaturation, with 20 cycles of 30 seconds at 95°C, 30 seconds
at 52°C, and 72°C for 120 seconds, with 5 minutes of final extension at 72°C. The gene inserts
were gel purified and extracted before transformation in S. cereviae with endonuclease digested
backbone. The forward primer (5> CGG GTT ATT GTT TAT AAA TAC TAC TAT TGC CAG
3’) and reverse primer (5 GAC ATG GGA GAT CGA ATT CAA CTC C 3’) were 73bp upstream
and 65bp downstream from the gene for the purpose of homology recombination in S. cerevisiae.
This protocol with 100 uM manganese chloride (10 nmol of manganese chloride in 100 pL reaction)
should yield ~2-3 nucleotide substitution (~1 amino acid substitution) per Cel6A gene.
Alternatively, the mutant libraries were constructed using the GeneMorph II Random Mutagen-
esis Kit, using 500 ng of gene insert (~2.9 ug of plasmid), 40 nmol of ANTP, 125 ng of forward and of

reverse primer, and 2.5 U of Mutazyme II polymerase in a 50 uL reaction. The PCR program used
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2 min at 95°C for initial denaturation, and 25 cycles of 30 seconds at 95°C, 30 seconds at 50°C, and
72°C for 120 seconds, with 10 minutes of final extension at 72°C. For each library construction, four
50 pL PCR reactions were set up in parallel. After PCR, the 200 uL. PCR reactions were digested
with 2 puL of Dpnl at 37°C for 2 hours before the gene inserts were gel purified and extracted.
This protocol with the amount of gene insert and cycle number specified should yield ~3 nucleotide
substitution (~2 amino acid substitution) per Cel6A gene.

The recombination library was constructed via overlap extension PCR as described previously

[68).

2.3.1.2 Cellulase expression in S. cerevisiae in 96-well plates

To express the mutagenesis libraries in S. cerevisiae strain YDR483W BY4742 (ATCC No. 4014317),
a high-efficiency transformation protocol adapted from Chao et al. [69] was used. A single colony
was used to inoculate 5 mL of YPD medium and grown overnight at 30°C and 250 rpm in an orbital
shaker. The Absgoo of the overnight culture was measured (typically with 1:50 dilution in water),
and the overnight culture was used to inoculate 20 mL of YPD medium to an Absggy of 0.1. The
YPD culture was grown at 30°C for ~6 hours until the Absggy reached 1.3 — 1.5 (typically measured
with 1:5 dilution in water). Once the cells reached the desired density, the culture was mixed with
200 pL of 1 M Tris buffer, pH 8.0, with 2.5 M DTT and shaken at 30°C and 250 rpm for 15 minutes.
Cells were harvested by centrifugation at 2,500 x g at 4°C for 3 minutes, resuspended with 10 mL
ice-cold buffer E (10 mM Tris buffer, pH 7.5, with 0.27 M sucrose and 2 mM magnisum chloride),
centrifuged again to be resuspended with 1 mL of ice-cold buffer E, and centrifuged a third time to
be resuspended with 200 pL of buffer E. Samples containing 50 uL of cell solution and 5 uL of 0.5 ug
backbone mixed with 0.5 ug of insert were electroporated at 0.54 kV, 25 pF, and infinite resistance
in 0.2 cm electroporation cuvettes (Biorad). The electroporated samples were immediately rescued
with 1 mL of warm YPD and recovered at 30°C and 250 rpm for 1 hour. The transformed cells were
plated based on an average transformation efficiency of 10 colonies per pL of recovered cells and

grown for 3 days at 30°C. Colonies containing mutant Cel6A were used to inoculate 50 pul. SD-Ura
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medium in 96-well plates covered with AirPore sheet (Qiagen). The cultures were grown overnight
at 30°C and 80% humidity in orbital shakers before the addition of 350 uL YPD medium and growth
for an additional 48 hours. The culture was harvested by centrifugation, and the supernatant was

used for activity assays without further treatment.

2.3.1.3 Medium-throughput Cel6A activity assay

Three-day culture supernatants (100 uL) were combined with 3 mg of Avicel in 96-well PCR plates
and incubated at 4°C for 1.5 hours. Avicel and the bound enzymes were washed three times with
180 uL of 50 mM sodium acetate buffer, pH 5.0, before resuspended in 75 uL of buffer. The reaction
was incubated in 75°C waterbath for two hours and then cooled on ice. After hydrolysis, 50 uL
of reaction supernatants were sampled for reducing sugar concentrations via Nelson-Somogyi sugar
assay. The library hits were streaked on SD-Ura agar plates and grown at 30°C for 3 days. Single
colonies of the library hits were used to inoculate a new 96-well plate of culture and rescreened for
activity to verify performance over parental enzyme. To recover plasmid from library hits, 10 — 50

L of resuspended cells were lysed and recovered using Zymoprep Yeast Plasmid Miniprep IT Kit.

2.3.2 Thermostability measurements
2.3.2.1 Half-life measurements

All half-life measurements were conducted in 50 mM sodium acetate buffer, pH 5.0. Samples con-
taining 2 pg of Cel6A in 40 ul. were inactivated at 75°C for up to 5 hours in a Mastercycler Pro
Thermal Cycler (Eppendorf) with heated lid. After heat inactivation, the enzymes were incubated
at 50°C for 2 hours with 60 pL of 5 % w/v Avicel to measure the residual activity. Half-lives were
determined from plots of the natural logs of residual activities versus the inactivation time. Reported

values were averaged from at least three independent measurements.
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2.3.2.2 Tj53 measurements

All T5¢ measurements were conducted in 50 mM sodium acetate buffer, pH 5.0. Samples containing
2 pg of Cel6A in 40 puL were inactivated at different temperatures for 15 minutes in a Mastercycler
Pro Thermal Cycler (Eppendorf) with heated lid. The temperature range was selected to ensure the
Tso value is bracketed by a 20°C range. After heat inactivation, the enzymes were incubated at 50°C
for 2 hours with 60 pL of 5% w/v Avicel to measure the enzyme’s residual activity. To determine
Tso, the residual activities were plotted against the temperature using SigmaPlot (Systat Software
Inc) and fitted using the 4-parameter Botlzmann sigmoidal function (y = yo + m) Tso
is the inactivation temperature with half maximal residual activity, or xg. Reported values were

averaged from at least three independent measurements.

2.3.3 Cellulase activity measurements

All cellulase activity measurements were conducted in 50 mM sodium acetate buffer, pH 5.0. To
determine activity-temperature profiles of Cel6A, samples containing 2 ug of purified Cel6A were
combined with 3 mg of Avicel in 100 uL and incubated at 40°C to 90°C for 2 hours or at 60°C to
75°C for 60 hours in a Mastercycler Pro Thermal Cycler (Eppendorf) with heated lid. To determine
the activity of the Cel6A and Cel7A mixture, purified Cel6A and Cel7A were combined at different
ratios to a final concentration of 0.5 uM along with 3 mg of Avicel in 100 pL and incubated at 50°C
to 70°C for 60 hours. After hydrolysis, the reaction supernatants were sampled for reducing sugar

concentrations via Nelson-Somogyi assay using cellobiose as the reducing sugar standard.

2.3.4 Cellulose adsorption measurements

Samples containing 2 pug to 8 pug of Cel6A in 200 uL of 50 mM sodium acetate buffer, pH 5.0, were
incubated with or without 3% w/v Avicel at 4°C for 90 minutes. The protein concentrations of the
supernatants were determined using the Bradford assay. The measurements with and without Avicel
at different initial loading concentrations were used to determine the fraction of protein adsorption

to Avicel.
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2.3.5 Crystallography
2.3.5.1 Crystallization and X-ray data collection

For crystallization, the catalytic domains of HJPlus (HJPlus-cat) and 3C6P (3C6P-cat) with C-
terminal His6-tag were cloned and expressed in yeast. The catalytic domains were purified using
HisTrap HP columns and then HiTrap Q HP columns (GE Healthcare). The enzymes were degly-
cosylated with PNGase F as described in Chapter 6. HJPlus-cat was crystallized at 25°C by the
sitting drop vapor diffusion method, using 34% poly(ethylene glycol) 1000, 200 mM zinc acetate, and
100 mM sodium acetate, pH 5.75. 3C6P-cat was also crystallized at 25°C by the sitting drop vapor
diffusion method, using 38% poly(ethylene glycol) 1000, 100 mM ammonium sulfate, and 100 mM
sodium acetate, pH 6.0. A cryoprotectant solution was made by including 25% v/v glycerol in the
mother liquor and added to the crystals before they were looped and flash frozen in liquid nitrogen.
X-ray diffraction data were collected at 100 K at the Stanford Synchrotron Radiation Lightsource,
beamline 12-2 on a Dectris Pilatus 6M detector. Diffraction datasets were integrated with XDS [70]

and scaled using SCALA [71].

2.3.5.2 Structure determination and refinement

For HJPlus-cat, initial phases were determined using molecular replacement against the wild type H.
insolens structure 10CN, chain A [37]. The initial phases of 3C6P-cat were determined using molec-
ular replacement against the structure model of HJPlus-cat, while maintaining the Rifree statistics of
HJPlus-cat to prevent over-fitting the data. Molecular replacement was accomplished using MOL-
REP [72] within the CCP4 software suite [73]. Refinement was accomplished with iterative cycles
of manual model building within COOT [74] and automated refinement using REFMAC [75] within
CCP4. Final cycles of REFMAC refinement included TLS parameters. All protein structure figures
were generated using PyMol (The PyMOL Molecular Graphics System, Version 1.3, Schrédinger,

LLC.).
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2.4 Results

2.4.1 Directed evolution for increased thermostability

Beginning with the thermostable fungal Cel6A chimera HIJPlus [45], we identified further stabilizing
mutations by random mutagenesis and screening for improved total activity on crystalline cellulose
(Avicel) at 75°C over a 2-hour period. The mutant cellobiohydrolase libraries were expressed and
secreted by S. cerevisiae in 96-well plate format, and Cel6A activity was quantified using the Nelson-
Somogyi reducing sugar assay. Because the reducing sugar assay does not distinguish between the
sugar released during hydrolysis and the sugar present in the culture medium, we eliminated the
background from the medium by first batch-purifying the mutated enzymes on Avicel, utilizing the
fact that the cellulose binding module (CBM) from H. jecorina Cel6A binds to Avicel irreversibly at
4°C [76], before proceeding with the activity assay. Approximately 2,800 colonies from the HIJPlus
random mutagenesis library were screened; improved variants exhibited up to 40% higher activity
than the parent. The best-performing variant 1G6 had a single amino acid substitution, S317P. The
second-generation random mutagenesis library was constructed using 1G6 as the template. Screening
identified variants with up to 60% higher activity than the parent 1G6. The best-performing variant
2B3 incorporated an additional mutation, leading to Q277L. No synonymous mutations were found.

Other mutations identified in the top five variants encoded substitutions S30F, V128A, V131E,
S293R, and S413F from the first generation, and M135L, S406P, S413P, and S413F from the second
generation. A third-generation library using variant 2B3 as the template was therefore constructed
to recombine potentially beneficial mutations at positions S30, V128, V131, M135, S293, S406, and
S413. Two amino acids were allowed at each position (three in the case of S413), wild-type or the
beneficial mutation discovered in the first- and second-generation libraries. The best variant 3C6P
found from this library after three-fold oversampling contained a total of seven mutations from

HJPlus: S30F, V128A, M135L, Q277L, S317P, S406P, and S413P.
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2.4.2 Characterization of thermostabilized HJPlus variants

The chimera HJPlus and its improved first-, second-, and third-generation variants 1G6, 2B3, and
3C6P were purified to homogeneity using standard Ni-NTA columns, as were the wild-type Cel6A
parent enzymes from H. insolens, H. jecorina, and C. thermophilum. The “wild-type” Cel6A enzymes
in this report are all recombinant enzymes expressed in S. cerevisiae as described in the Methods
section. Multiple sequence alignments of the wild-type Cel6 enzymes and 3C6P can be found in
Appendix A. Table 2.1 compares the thermostabilities of all these Cel6A enzymes using two different
metrics, the half-life at 75°C and the Tsqg. The half-life at 75°C assesses how long an enzyme remains
active when incubated at this temperature, but is not very informative when the enzyme inactivates
at a lower temperature. The Tyy measurement estimates the temperature at which 50% of the
enzyme is inactivated after 15 minutes of heat incubation and allows direct comparisons of enzymes
with very different thermostabilities. Both H. insolens (HiCel6A) and H. jecorina Cel6A (HjCel6A)
were completely inactivated within five minutes at 75°C, while the half-life of C. thermophilum Cel6 A
(CtCel6A) could not be determined because the enzyme unfolds at 75°C but refolds (partially) when
the temperature is reduced. The three wild-type Cel6A have T values between 60.0°C and 65.2°C.
Thermostable chimera HJPlus unfolds irreversibly and has a half-life of 8.8 minutes at 75°C and a
Tso at 71.9°C.

Directed evolution of HJPlus to increase total activity at an elevated temperature led to a
significant increase in thermostability. The half-lives of the Cel6A variants at 75°C increase more
than 30-fold, from 8.8 minutes for HJPlus to 280 minutes for 3C6P, while the T5q increases by 8.2°C,
from 71.9°C to 80.1°C (Table 2.1). All of these Cel6A variants undergo irreversible unfolding and
exhibit first-order thermal inactivation kinetics. Example residual activity plots for determining the
half-life and T'5¢ measurements of HJPlus, 3C6P, and wild-type Cel6A can be found in Appendix B.

The thermostability screen involves partial purification by binding to Avicel at low temperature.
Mutants that bind more tightly could therefore appear to have higher activity in the screen. We thus
tested adsorption to Avicel for HJPlus and variant HJPlus S30F at 4°C with enzyme concentrations

similar to those used to measure cellobiohydrolase activity. As shown in Figure 2.1, the fraction of
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Table 2.1: Thermostabilities of wild-type and engineered Cel6A. HiCel6A, HjCel6A, and CtCel6A
are wild-type Cel6A enzymes from H. insolens, H. jecorina, and C. thermophilum, while HJPlus,
1G6, 2B3, and 3C6P are engineered Cel6A.

Enzyme  Mutation(s) wrt HJPlus t1/2,750¢ (min) Ty (°C)
HiCel6A 97 mutations <25 65.2 + 0.1
HjCel6A 48 mutations <25 60.2 + 0.4
CtCel6A 84 mutations N.D. 62.6 = 0.4
HJPlus - 8.8 £0.6 71.9 + 0.6
1G6 S317P 14+£3 73.2 £ 0.3
2B3 Q277L+S317P 37+ 4 75.7 £ 0.3
3C6P S30F+V128A+M135L 280 £+ 13 80.1 £ 0.4

+Q277L+S317P+5406P+S413P

HJPlus S30F bound to Avicel is higher than that of HJPlus, indicating that HJPlus S30F has a
higher affinity for Avicel than HJPlus.

Lastly, we investigated whether the mutations affected cellobiohydrolase activity at 50°C, a
temperature at which HJPlus and its variants do not denature significantly during the hydrolysis
assay. At 50°C, HJPlus and its variants all have activities that are comparable to the wild-type

Cel6A enzymes (Figure 2.2).
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Figure 2.1: Adsorption of HJPlus and HJPlus S30F at 4°C with 3% w/v Avicel.
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Figure 2.2: Activities of wild-type and engineered Cel6A at 50°C. HiCel6A, HjCel6A, and CtCel6A
are wild-type Cel6A from H. insolens, H. jecorina, and C. thermophilum. Purified Cel6A were
assayed for 2 hours with 3% w/v Avicel in 50 mM sodium acetate buffer, pH 5.0. Activities are
reported as the total cellobiose equivalents released.

2.4.3 Stabilizing mutations in H. jecorina Cel6A

We sought to determine whether these stabilizing mutations are also stabilizing in HjCel6A. With
the exception of Q276L (equivalent to Q277L in 3C6P; see Table 2.2), all the mutations in the
catalytic domain (M134L, S316P, S406P, S413P) are stabilizing in HjCel6A, with an increase of
T50 up to 3.6°C (Table 2.2). S30F does not change the T5¢ of HjCel6A, but its higher affinity for
Avicel is expected to translate to HjCel6A, which shares the same CBM and linker with the HJPlus

variants.

2.4.4 Temperature-activity profiles of Cel6A

Directed evolution has increased the thermostability of HJPlus, as measured by half-life and Tj,
at no cost to the enzyme activity at 50°C. We next determined how this enhanced thermostability
translates to hydrolysis performance at high temperatures. First we examined the cellobiohydrolase
activities of HJPlus and 3C6P after 2-hour Avicel hydrolysis from 40°C to 90°C and compared those
with the activities of HiCel6A, HjCel6A, and CtCel6A, which are some of the closest wild-type Cel6 A

in sequence to HJPlus. With an optimum temperature (T,p;) between 60°C and 65°C, HiCel6A
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has the highest T,,; and the highest total activity at its T,,; of the three wild-type Cel6A enzymes
tested (Figure 2.3A). For this reason, all further comparisons with the engineered enzymes were
made to HiCel6A. Chimera HJPlus (which differs from HiCel6A at 97 positions) has a T, of 70°C,
an increase of roughly 5°C. The 7 additional mutations in 3C6P increase T,,; by another 5°C, to
75°C, a temperature at which all the wild-type Cel6A enzymes have only minimal activities. In 2
hours, 3C6P hydrolyzed 50% more sugar than HiCel6A and 20% more than HJPlus acting at their
respective Topy.

The advantages of greater stability become even more significant during longer hydrolysis experi-
ments, where the thermostable enzyme is both more active and has a longer lifetime. To demonstrate
this, we tracked Avicel hydrolysis by HiCel6A and 3C6P over 60 hours, at their respective Ty, 60°C
and 75°C. As shown in Figure 2.3B, 3C6P hydrolyzed 1.6 times more sugar at 60°C than HiCel6A
after 60 hours, which can be attributed to the longer half-life of 3C6P at this temperature. At
75°C, HiCel6A had minimal activity, while 3C6P retained activity throughout the 60-hour period
and hydrolyzed 2.4 times more sugar than HiCel6A did at 60°C. In addition, the total cellobiose
equivalents released by HiCel6A at 60°C after 60 hours is equivalent to that by 3C6P at 75°C after
approximately 6 hours, a 10-fold reduction in hydrolysis time, or by 3C6P at 60°C after approxi-
mately 19 hours, a more than 3-fold reduction. In both comparisons, using a more thermostable

Cel6A enzyme can reduce loading or hydrolysis time, both of which profoundly affect enzyme costs.

Table 2.2: T5o of H. jecorina Cel6A (HjCel6A) variants containing mutations found in 3C6P.

Enzyme variant  Equivalent mutation in 3C6P  Tsq (°C)

HjCel6A - 60.2 + 0.4
HjCel6A S30F S30F 60.3 + 0.3
HjCel6A M134L M135L 62.0 &+ 0.5
HjCel6A Q276L Q277L 58.6 + 0.4
HjCel6A S316P S317P 61.9 + 0.2
HjCel6A S406P S406P 61.5 + 0.3

HjCel6A S413P S413P 63.8 = 0.4
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Figure 2.3: Activity-temperature profiles of Cel6A enzymes. HiCel6A, CtCel6A, and HjCel6A are
wild-type Cel6A from H. insolens, C. thermophilum, and H. jecorina, while 3C6P and HJPlus are
engineered Cel6A variants. A) Total cellobiose equivalents released at 40°C to 90°C after 2-hour
Avicel hydrolysis. B) Total cellobiose equivalents released at 60°C and 75°C during 60-hour Avicel
hydrolysis. Purified Cel6A were assayed for 2 hours or 60 hours with 3% w/v Avicel in 50 mM
sodium acetate buffer, pH 5.0. Activities are reported as the total cellobiose equivalents released.

2.4.5 Exo-exo synergy between Cel6A and Cel7A

Fungal Cel7A is a cellobiohydrolase that acts on the cellulose reducing end. In our previous work, we
engineered Cel7A using recombination [77] and predictive methods [67] to construct a thermostable
Cel7A variant TS8 that is optimally active at 65°C, with a T that is 9.2°C higher than the ther-
mostable wild-type Cel7A from Talaromyces emersonii (TeCel7A). We examined whether wild-type
and engineered-thermostable Cel6A and Cel7A enzymes hydrolyze cellulose synergistically, the foun-
dation of efficient cellulose degradation. The total cellobiose equivalents released by thermostable
wild-type Cel6A and Cel7A (HiCel6A and TeCel7A) and the engineered-thermostable Cel6A and
Cel7A (3C6P and TS8), both as mixtures and as individual enzymes, were assessed after 60 hours at
50°C, 60°C, and 70°C (Figure 2.4). The wild-type and engineered-thermostable Cel6A and Cel7A
mixtures both hydrolyze cellulose synergistically, releasing up to 2-fold more cellobiose equivalents
when acting as a mixture compared to the sum of the cellobiose equivalents released by the indi-
vidual enzymes. The mixture of 3C6P and TS8 is more active than the mixture of HiCel6A and

TeCel7A at both 60°C and 70°C, with the engineered thermostable mixture releasing 1.8 fold more
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Figure 2.4: Synergistic cellulose hydrolysis by wild-type and engineered-thermostable Cel6A and
Cel7A. HiCel6A is wild-type Cel6A from H. insolens; TeCel7A is wild-type Cel7A from T. emersonii;
3C6P is an engineered thermostable Cel6A, and TS8 is an engineered thermostable Cel7A. Total
cellobiose equivalents released from 0.5 pM of purified Cel6A and Cel7A combined at different molar
ratios were assessed after 60 hours at 50°C, 60°C, and 70°C. The cellobiose equivalents released by
Cel6A or Cel7A alone are included as controls. The dotted lines are the sums of cellobiose equivalents
release from the individual enzymes.

sugar at its Top; of 70°C than the wild-type mixture at its T,y of 60°C. The preferred molar ratio
in the thermostable mixture also trends towards higher Cel6A concentration as the temperature
increases, favoring the mixture with higher concentration of 3C6P, which is more thermostable than

TS8 Cel7A.

2.4.6 Crystal structures of HJPlus and 3C6P

To gain insight into the molecular basis of the significant increase in thermostability conferred by the
beneficial mutations, we solved the X-ray crystal structures of HJPlus and 3C6P to a resolution of
1.5 A (PDB ID 4I5R) and 1.2 A (PDB ID 4I5U), respectively. Statistics for data collection and final
protein structure models are given in Table 2.3. The structures of HJPlus and 3C6P both display
a distorted (8/a)7 barrel fold typical of family 6 glycoside hydrolases. HJPlus shares 87% sequence
identity with HjCel6A in the catalytic domain; superposition of the HJPlus and HjCel6A structure

1QK2, chain A, reveals a low backbone root mean square deviation (rmsd) of 0.32 A, indicating that
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the chimeragenesis did not significantly alter the overall structure of the enzyme. HJPlus and its
variant 3C6P have a backbone rmsd of only 0.24 A. In both cases, the mutations cause only subtle
changes in the structures.

The five thermostabilizing mutations in 3C6P are all near the surface of the enzyme, but only
the serine-to-proline mutations are solvent-exposed. Mutation M135L resides near the end of the
substrate tunnel and is surrounded by four aromatic residues as well as other hydrophobic residues
(Figure 2.5). In addition, surface mapping in the structure of HJPlus and 3C6P by a probe radius

of 1.4 A demonstrates that there are cavities near M135 in HJPlus, which disappear after the

Table 2.3: Data collection and refinement statistics for HJPlus and 3C6P crystals. All data sets
were collected from single crystals. Highest-resolution shell is shown in parentheses.

HJPlus 3C6P
PDB ID 415R 415U
Data collection
Space group Cc121 Cc121
Wavelength 1.033 1.033
Cell dimensions
a, b, ¢ (A) 157.61, 45.26, 58.60 158.60, 45.41, 58.19
B (°) 95.21 95.47
Resolution (A) 353-1.5 (1.5- 1.6) 35.3-1.22 (1.22 - 1.29)
Rmerge (%) 4.1(36.5) 2.7(21.5)
I/ol 16.1(3.1) 16.3(3.7)
Completeness (%) 97.9(97.7) 87.3(71.2)
Redundancy 3.4(3.2) 2.1(1.9)
Refinement
Resolution (A) 35.3- 1.5 35.3 - 1.22
No. reflections 61842 101502
Ruork / Ryree 0.15/0.18 0.14/0.16
No. atoms
Protein 2795 2833
Ligand/ion 47 76
Water 278 327
B-factors
Protein 16.3 9.78
Ligand/ion 36.4 30.5
Water 28.4 234
R.M.S. deviations
Bond lengths (A) 0.028 0.030
Bond angles (°) 2.52 2.61
Ramachandran map
In preferred regions (%) 95.3 95.8
In allowed regions (%) 4.7 3.9
Outliers (%) 0.0 0.3
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Figure 2.5: Local environment near M135L in 3C6P structure. Mutation M135L is surrounded by
conserved residues among the three parents and residues from H. jecorina. M135L is shown as balls,
and the residues within a 4 A radius from the mutation are shown as sticks. The conserved residues
are colored grey, while the non-conserved residues are colored according to the recombination blocks.
Red represents block 1 from H. insolens. Orange and yellow represent block 2 and 3 from H. jecorina.
Indigo represents block 7 from C. thermophilum. Block definitions are from the work by Heinzelman
et al. [45] and can be found in Appendix C.

N

Figure 2.6: Surface mapping of the HJPlus and 3C6P structures. Residues at position 135 are shown
in sticks in HJPlus (grey) and 3C6P (blue). The two grey spheres shown in the center represent
cavities that are present only in HJPlus.
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leucine substitution (Figure 2.6). The increase in thermostability is likely due to an increase in
hydrophobicity and improved side chain packing. Mutation M135L is in a sequence block taken
from H. jecorina (the block definitions are based on the work by Heinzelman et al. [45] and can be
found in Appendix C) and is surrounded by residues that are conserved among the three parents
(Figure 2.6). None of the parents have L at this position. The non-conserved residues within 4 A of
M135L are all wild-type residues from H. jecorina. Since M135L is surrounded by the same residues
that surround M134 from H. jecorina, the thermostabilization effect of M135L in 3C6P translates
well in HjCel6A .

In contrast, mutation Q277L is found to be stabilizing in 3C6P but not in HjCel6A. A close
examination of the Q277L local environment in 3C6P reveals that Q277L resides in an a-helix in
block 5 from H. jecorina, and it is adjacent to an a-helix in block 6 from C. thermophilum (Figure
2.7). Q277 is not conserved among all three parents and is 1279 in C. thermophilum. Q277 is
surrounded by conserved residues within a 4 A radius, with the exception of F334 in block 6 from C.
thermophilum, which is an isoleucine (I1333) in H. jecorina. The interaction between Q277 and F334
in HJPlus is a novel contact arising from recombination, and the mutation Q277L in 3C6P restores
the hydrophobic side chain interaction between (iso)leucine and phenylalanine that is observed in
the C. thermophilum enzyme. Q276L in HjCel6A is not stabilizing because the same (iso)leucine-
phenylalanine interaction does not exist at the corresponding residues in HjCelGA.

Three thermostabilizing mutations — S317P, S406P, and S413P — are serine to proline muta-
tions in loop regions. Close examination of the mutations indicates that the substitutions of serine
with proline maintain the local loop structures (Figure 2.8). Strikingly, the Ca and CS atoms of
the serines in HjCel6A and HJPlus align remarkably well with the Ca and C8 atoms from the
corresponding prolines in 3C6P. The thermostability enhancement is likely due to the limited con-

formational freedom the prolines provide without straining the backbone structure.
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Figure 2.7: Local environments near Q227L in 3CG6P structure and the corresponding residues
in HjCel6A structure and CtCel6A structure. Mutation Q277L and the corresponding residue in
HjCel6A and CtCel6A are shown as balls, while residues within a 4 A radius from the mutation
are shown as sticks. The side chain interaction between Q277L and F334 are shown in 3C6P,
and the corresponding residues in HjCel6A structure 1QK2 (orange) and CtCel6A structure 4A05
(cyan) are displayed in parallel. In 3C6P, the conserved residues are colored grey, and the non-
conserved residues are colored according to the recombination blocks. Green represents block 5 from
H. jecorina, and blue represents block 6 from C. thermophilum. Block definitions are from the work
by Heinzelman et al. [45] and can be found in Appendix C.
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2.5 Discussion

Fungal cellulases are attractive candidates for optimization because industrially relevant fungal ex-
pression hosts such as H. jecorina are known to express cellulases at high levels — 100 grams per
liter and possibly more [53, 78]. Optimal cellulose hydrolysis can only be achieved through synergis-
tic actions of cellobiohydrolases, endoglucanases, and S-glucosidases, as well as other lytic enzymes,
and improving the activity and thermostability of the individual components remains much desired.
Several wild-type and engineered cellulases have been reported to be active above 70°C. Parry et
al. reported wild-type Cel5 purified from T. aurantiacus to be optimally active at 70 — 80°C [79].
Heinzelman et al. [77], Komor et al. [67], and Dana et al. [80] have all reported engineered ther-
mostable Cel7A homologous to T. emersonii Cel7A that are active at 70°C, though their optimum
temperatures are 60 — 65°C. In the present work, we have further enhanced the thermostability
of Cel6A to a T,y of 75°C and demonstrated the advantage of the thermostable variant over its

wild-type counterparts. The thermostable variant can achieve the same overall cellobiose equiv-
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Figure 2.8: Local environments near the serine-to-proline substitutions in HjCel6A structure 1QK2
(orange), HJPlus (grey), and 3C6P (blue).

alent production as the wild-type enzymes at a small fraction of the hydrolysis time and release
significantly (up to 2.4 fold) more cellobiose equivalents during long-time hydrolysis reactions.

However, improvement of a single cellulase is irrelevant if performance of the cellulase mixture
is not improved. Wild-type fungal cellulase mixtures hydrolyze cellulose synergistically, releasing
more sugar than the sum of individual activities [19]. The cooperative activity of the cellulase
mixture is based on endo-exo synergy, exo-exo synergy, and the reduction of cellobiose inhibition
by S-glucosidase. The basis of exo-exo synergy, however, remains elusive [81, 40]. The degree of
synergistic effect decreases with longer hydrolysis time [34] and with saturating enzyme loadings [64].
Here we have shown that the exo-exo synergy holds for cellobiohydrolases from different fungi. The
degree of synergistic effect found in this study, ~2 fold, is higher than that of the H. jecorina Cel6A-
Cel7A synergy on Avicel (~1.2 fold after 48 hours) [34] and that of the H. insolens Cel6A-Cel7A
synergy on bacterial cellulose (~1.5 fold after 24 hours) [22].

We obtained the crystal structures of HJPlus and 3C6P catalytic domains to infer the muta-
tions’ stabilizing mechanisms. The structure models indicate a high level of structural conservation
with H. jecorina Cel6A, despite a difference in Tso of ~20°C. High structural similarity among
enzymes of very different thermostabilities has been observed in both laboratory-evolved [82] and
wild-type enzymes [83]. Despite numerous studies applying observed stabilizing factors from hy-
perthermophilic enzymes, the apparent lack of correlation between thermostability and structural

motifs demonstrates the difficulty in pinpointing a universal recipe for stabilizing enzymes.
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In conclusion, we engineered a highly thermostable Cel6A variant and demonstrated that enhanc-
ing the thermostability of cellulases is an effective strategy for improving the efficiency of cellulose
hydrolysis. Engineered thermostable Cel6A and Cel7A retain synergies similar to wild-type mix-
tures, illustrating the utility of thermostabilizing individual cellulases to produce novel thermostable
mixtures. The ability to combine the most active or thermostable cellulases regardless of the origin
of the enzymes supports the approach of engineering individual components separately. The modu-
lar nature also opens up the possibility of designing novel cellulase mixtures for different hydrolysis

requirements.
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Chapter 3

Role of Cysteine Residues in
Thermal Inactivation

3.1 Abstract

Numerous protein engineering studies have focused on increasing the thermostability of fungal cel-
lulases to improve production of fuels and chemicals from lignocellulosic feedstocks. However, the
engineered enzymes still undergo thermal inactivation at temperatures well below the inactivation
temperatures of hyperthermophilic cellulases. In this report, we investigated the role of free cysteines
in the thermal inactivation of wild-type and engineered fungal family 6 cellobiohydrolases (CelGA).
The mechanism of thermal inactivation of Cel6A is consistent with disulfide bond degradation and
thiol-disulfide exchange. Circular dichroism spectroscopy revealed that a thermostable variant lack-
ing free cysteines refolds to a native-like structure and retains activity after heat treatment over the
pH range 5 — 9. Whereas conserved disulfide bonds are essential for retaining activity after heat
treatment, free cysteines contribute to irreversible thermal inactivation in engineered thermostable

Cel6A as well as Cel6A from H. jecorina and H. insolens.

3.2 Introduction

Traditionally employed in the textile, detergent, or pulp refining industries, cellulases have recently

received attention for applications in production of biofuels from lignocellulosic feedstocks [19, 84, 85].
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Fungal cellulases from Hypocrea jecorina are attractive because of their high expression titers of up
to 100 grams per liter [78]. Various approaches to improving the thermostability of cellulases for
industrial applications have been published [82, 45, 86, 80, 67, 87, 88]. Nonetheless, thermostabil-
ities of engineered fungal cellulases still fall short when compared to hyperthermophilic cellulases
such as those isolated from the anaerobic bacterium Thermotoga maritima [89]. These hyperther-
mophilic cellulases, however, tend to have low activity on crystalline cellulose [90] and lack high
expression yields. Little effort has been devoted to understanding the mechanisms by which fungal
cellulases become thermally inactivated, even though such information might assist in the generation
of hyperthermophilic versions.

Mechanisms of irreversible protein thermal inactivation include deamidation of asparagine and
glutamine residues, peptide chain cleavage, and cysteine oxidation [89, 91]. Cysteine is one of the
least abundant amino acids in proteins but is also one of the most versatile, coordinating metals for
catalysis and participating in redox regulation [92]. Whereas strategically-placed cysteines can be
oxidized to form disulfide bonds, which impose structural rigidity crucial to protein stability and
activity, free thiols are susceptible to chemical modification and thiol-disulfide exchange, which can
lead to misfolding and aggregation [93, 94]. Free cysteines are similarly complex in their effects,
as both removal and strategic placement of cysteine have been shown to enhance thermostability
[95, 62, 96]. Given the reactivity of cysteine, optimizing the content of disulfide bonds and free
cysteines in an enzyme can have profound implications for industrial applications [97, 93].

Cellobiohydrolase IT from H. jecorina belongs to glycoside hydrolase family 6 (Cel6A) and is an
essential enzyme for the degradation of cellulose for biofuel production [98, 34, 35]. The crystal
structure of H. jecorina Cel6A reveals a distorted (8/a)7 barrel fold with a tunnel-shaped active
site [21, 36]. The active site is composed primarily of surface loops, and the N-terminal loops
and the C-terminal loops each contain one of the two conserved disulfide bonds (Cys176-Cys235 and
Cys368-Cysd15 in H. jecorina Cel6A) [99, 100]. Whereas the disulfide bonds are presumed to provide
loop stabilization important for substrate binding [101, 99], the role of free cysteines in Cel6A is

less clear. Previously, we engineered Cel6A cellobiohydrolases related to H. jecorina Cel6A using
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structure-guided recombination [45] and random mutagenesis [88] to improve thermostability. The
most thermostable Cel6A variant obtained, 3C6P, has five cysteine residues, four of which participate
in disulfide bonds (Cys177-Cys236 and Cys368-Cys415) and one of which is free (Cys246). In this
report, we investigated the mechanism of thermal inactivation of variant 3C6P and its H. jecorina

Cel6A and Humicola insolens Cel6A parents by exploring the effects of removing free cysteines.

3.3 Methods

This section describes the methods used to study thermal inactivation in this Chapter. For materials

and general methods, please refer to Chapter 6.

3.3.1 Residual activity measurements

Depending on the pH of the reaction, sodium acetate buffer (pH 5) or sodium phosphate buffer
(pH 6 — 9) was used. Samples containing 5 pg of purified Cel6A in 40 pL of 50 mM buffer were
inactivated at 70°C to 90°C for 15 minutes for residual activity measurements. After thermal
inactivation, 60 uL of 5% (w/v) Avicel in double-deionized water was added and incubated at 50°C
for 2 hours. Alternatively, samples containing 2 pg of purified Cel6A in 40 uL of 50 mM buffer were
inactivated at 85°C for 15 minutes. The samples were cooled to 4°C for 45 minutes before addition
of 60 uL of 5% (w/v) Avicel in double-deionized water and incubation at 50°C for 2 hours. The
supernatant was analyzed using Nelson-Somogyi reducing sugar assay with cellobiose as the reducing

sugar standard. Residual activity data were modeled with the 4-parameter Boltzmann sigmoidal

M — a
equation (y =Yo + T¥eap—(@—20)/0 )

3.3.2 Residual activity in the presence of Avicel

Depending on the pH of the reaction, sodium acetate buffer (pH 5) or sodium phosphate buffer (pH 6
—9) was used. Samples containing 15 ug of purified Cel6A and 3% (w/v) Avicel in 100 uL of 20 mM
buffer were inactivated at 70°C to 90°C for 15 minutes for residual activity measurements. After

thermal inactivation, the enzymes were incubated with Avicel at 4°C for 1 hour to promote maximum
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substrate binding. The sugar produced during the inactivation period was subsequently removed by
washing the Avicel-bound enzyme twice with 180 pL of fresh 20 mM buffer and resuspending the
solids in 75 pL of 20 mM buffer. The Avicel-bound enzymes were incubated at 50°C for 2 hours
to determine residual activity. The supernatant was analyzed using Nelson-Somogyi reducing sugar
assay with cellobiose as the reducing sugar standard. Residual activity data were modeled with the

4-parameter Boltzmann sigmoidal equation (y = yo + m)

3.3.3 Half-life measurements

Depending on the pH of the reaction, sodium acetate buffer (pH 5) or sodium phosphate buffer (pH
6 — 9) was used. Samples containing 5 pg of Cel6A in 40 L were inactivated at 90°C for up to 2
hours in a Mastercycler Pro Thermal Cycler (Eppendorf) with heated lid. After heat inactivation,
the enzymes were incubated at 50°C for 2 hours with 60 uL of 5% w/v Avicel in double deionized
water to determine the residual activity. Half-lives were determined from plots of the natural logs

of residual activities vs. the inactivation time.

3.3.4 Circular dichroism measurements

CD measurements were collected on an AVIV 62DS spectrometer equipped with a thermoelectric cell
holder using a 1 mm path length cell. Spectra were recorded from 250 nm to 200 nm at every 1 nm,
with a bandwidth of 1 nm and an averaging time of 3 seconds. Three spectra were recorded at each
temperature to derive an average signal and standard error of the measurements. The measurements
were performed at pH 5 — 9 in 10 mM buffer (sodium acetate at pH 5 and sodium phosphate at
pH 6 — 9). The enzyme concentration in the CD experiment was 10 uM. The CD signals were
corrected with calibration curves from 2.4 mM of (D)-(-)-pantolactone (Sigma-Aldrich) and 2.3 mM

of (4)-camphor-10-sulfonic acid (Sigma-Aldrich) according to a published protocol [102].



37

3.3.5 C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>